Background: The consistent association between obesity and colorectal cancer is thought to be explained by metabolic disturbances common, but not exclusive, to the obese. Methods: We assessed the relation between metachronous neoplasia and the components of metabolic syndrome (MetS) as defined by the National Cholesterol Education Program's Adult Treatment Panel III in 2,392 participants of two previously conducted chemoprevention trials. Waist circumference, fasting plasma glucose, trigylcerides, high-density lipoprotein, and systolic and diastolic blood pressure were measured at baseline. Results: MetS classification was associated with increased odds of metachronous neoplasia among women [odds ratio (OR), 1.37; 95% confidence interval (95% CI), 1.01-1.85] but not among men (OR, 0.99; 95% CI, 0.81-1.21). High waist circumference in men (OR, 1.41; 95% CI, 1.15-1.72) and women (OR, 1.41; 95% CI, 1.05-1.90) and elevated fasting glucose in women (OR, 1.46;
Introduction
Colorectal cancer is thought to arise as a consequence of a limited set of molecular events that largely originate with relatively benign adenomatous and possibly serrated lesions for which a small fraction, if left in situ, will progress to cancer (1, 2) . Depending on the study population, the proportion of males and females, and extent of family history, 20% to 35% of persons over 50 years old harbor one or more types of colorectal neoplasm (3, 4) . In postpolypectomy populations, metachronous lesions occur at a rate of 20% to 30% per year (5, 6) . The propensity to develop colorectal adenomas identifies a sizable subgroup of the population at enhanced risk for subsequent adenoma formation and for colorectal cancer. This represents a group of people for whom adequate surveillance and risk-lowering behavior interventions is essential for cancer risk reduction.
Obesity, defined as body mass index (BMI) z 30 kg/m 2 , has consistently been identified as a risk factor for colorectal cancer, particularly for men (7) (8) (9) (10) . This same association is present for colorectal preneoplasia (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) and the propensity for metachronous lesions (22) , supporting an effect of obesity across the natural history of the cancer process. The underlying physiologic reasons for this association remain unclear. It has been postulated that the elevated risk for colorectal neoplasia associated with obesity is mediated through a disturbed intermediate metabolic state similar to that identified as a set of risk factors for cardiovascular disease and diabetes recognized as metabolic syndrome (MetS) (23) . Along with advancing age and physical inactivity, obesity, particularly visceral or abdominal obesity, increases individual risk for several metabolic disturbances (e.g., dyslipidemia, hypertension, elevated plasma glucose, and chronic inflammation) (24) . The underlying mechanisms for carcinogenesis with MetS are unclear, although inflammation and associated oxidative stress as well as chronic exposure to tumorpromoting effects of a hyperinsulimic state have been suggested (23) .
Several studies have used the diagnostic criteria for MetS or specific traits of the syndrome to assess whether the MetS classification or feature(s) thereof identifies a group of individuals at elevated risk for colorectal neoplasia. Results from these studies have been largely consistent. Risk for incident colorectal neoplasia (25) (26) (27) (28) (29) , metachronous colorectal neoplasia (30) , colorectal cancer (31) (32) (33) (34) , and death from colorectal cancer (35) is increased in persons who meet the diagnostic criteria of MetS, have evidence of impaired glucose control, or have large waist circumferences or visceral adiposity. Results of these studies, along with those of animal studies of adiposity and metabolic disturbance and colon carcinogenesis (23) , support MetS and features of MetS as an exposure or set of exposures that act across the continuum of colorectal carcinogenesis. Thus, investigation of these factors may better capture the magnitude of risk conferred by metabolic changes and prove useful in identifying individuals who might benefit from interventions targeted at the underlying metabolic changes associated with aging, sedentary behavior, and visceral obesity.
Given available pharmacologic agents (e.g., insulin sensitizers and agents for lowering glucose, blood pressure, and lipids) and the benefits of behavioral changes for the prevention of the principal disturbances of MetS, understanding the component contributions to the risk of metachronous lesions may help prioritize risk reduction approaches for adenoma formers and design of future polyp prevention trials. Thus, the present study aimed to examine whether metabolic disturbance, as captured by MetS status, or specific metabolic traits provide insight beyond measures of obesity (e.g., BMI and waist circumference) among a cohort of adenoma formers (36) .
Materials and Methods
Study Population. Analyses were conducted on a subset of participants from the Wheat Bran Fiber trial and the Ursodeoxycholic Acid (UDCA) trial, the details of which have been reported elsewhere (37, 38) . A brief description of each study is provided below. The University of Arizona Human Subjects Committee and the Institutional Review Board approved both studies. Written informed consent was obtained before study enrollment.
The Wheat Bran Fiber trial was a randomized doubleblind controlled trial conducted to compare the effect of a high-fiber versus low-fiber cereal supplement on metachronous adenomas among individuals who had undergone colonoscopy and had one or more adenomas removed. Participants were recruited between 1990 and 1995, and 1,429 participants were randomized to either a high-fiber or a low-fiber treatment group. A total of 1,310 (91.7%) participants completed one or more follow-up colonoscopies z6 months after the initial qualifying exam and were followed for an average of 43.4 months.
The UDCA trial was a randomized double-blind controlled trial conducted to compare the effect of UDCA versus placebo on metachronous adenomas among individuals who had undergone colonoscopy and had one or more adenomas removed. Between 1996 and 2000, 1,285 participants were randomized to either the treatment or the placebo group. A total of 1,192 (92.8%) participants completed the trial by undergoing one or more follow-up colonoscopies z6 months after randomization and were followed for an average of 31.0 months.
In both studies, individuals with a personal history of inflammatory bowel disease or hereditary colon cancer syndromes were excluded. Neither intervention had a significant effect on the development of metachronous neoplasia (37, 38) .
We restricted our analysis to participants with available data on all five components of MetS, as defined by the National Cholesterol Education Program's Adult Treatment Panel III (ATP III) report, which includes waist circumference, triglycerides, high-density lipoprotein (HDL) cholesterol, blood pressure, and fasting glucose (39) . Measurements for the five components were available for 1,305 of the 1,310 Wheat Bran Fiber trial participants and 1,087 of the 1,192 UDCA trial participants, whereas waist circumference or blood pressure data were not available for the remaining 110 participants. The combined study population available for the current analysis is 2,392.
Assessment of MetS Components. Participants were instructed to measure their waist circumference at the smallest circumference of their natural waist, which is usually just above the belly button, and report this measurement to the nearest 1/16th of an inch. Blood pressure was measured by a clinic nurse during the registration process. Blood samples were drawn from fasting participants, placed in tubes containing heparin, and sent for standard clinical analyses of blood chemistry, measuring fasting glucose and blood lipid levels, including triglycerides, total cholesterol, and HDL.
Colorectal Neoplasia Ascertainment. The findings of follow-up colonoscopies, including adenoma characteristics such as size, location, histology, and number of adenomas, were abstracted from the medical record and pathology report(s) for each participant. The primary endpoint of our analysis, metachronous neoplasia, is defined as detection of one or more colorectal adenoma or a colorectal cancer occurrence z6 months after baseline. Neoplasia were classified as advanced if z1 cm in size and/or with tubulovillous or villous histology or adenocarcinoma. Occurrence of more than one neoplasm during the follow-up period was classified as multiple. Distal neoplasia was defined as anatomic location in the distal colorectum that extends from the rectum through the splenic flexure, whereas proximal location was defined as that proximal to the splenic flexure.
Assessment of Other Variables. Self-administered questionnaires were used to obtain data on sociodemographic variables, family history of colorectal cancer in a first-degree relative, history of polyps before the qualifying colonoscopy, diabetes, aspirin use, and cigarette smoking. Dietary intake was assessed using the Arizona Food Frequency Questionnaire, a self-administered, semiquantitative food frequency questionnaire that asks about usual dietary intake in the previous year. Details regarding the development of the Arizona Food Frequency Questionnaire and assessment of validity and reliability have been reported (40, 41) .
Analysis.
We assessed the main effects of MetS components as well as the composite MetS derived variable on metachronous neoplasia detection using unconditional logistic regression. When evaluating MetS components, we initially used the risk factor cutpoints prescribed in the ATP III definition of MetS: waist circumference >40 inches for men and >35 inches for women, triglycerides z150 mg/dL, HDL cholesterol <40 mg/dL for men and <50 mg/dL for women, blood pressure z130/z85 mm Hg, and fasting glucose z100 mg/dL. MetS is defined as the presence of three or more of the five risk factors. We then categorized the component exposures into quartiles based on sex-specific distributions for evaluation of dose-response patterns. Multinomial logistic regression was used to model advanced and nonadvanced metachronous neoplasia outcomes and multiple and single metachronous neoplasia outcomes. We also evaluated the effects of MetS components on distal and proximal metachronous neoplasia.
All analyses were conducted separately for men and women. All models were adjusted for age and study. We considered potential confounders, including smoking status, family history of colorectal cancer, history of colorectal polyps, aspirin use, energy intake, fiber, calcium, red meat, and alcohol consumption. None of the additional covariates generated a substantial change in the odds ratios (OR) for the main effects.
To evaluate whether diabetics in our study population influenced our results, we excluded 213 self-reported diabetics as well as 35 participants with missing diabetic status and ran all models again. No substantial differences were seen in the ORs (data not shown); thus, all participants were retained in the final models. We evaluated whether the treatment assignment from the trials affected our results by running all models for only the placebo arm of the UDCA trial and the low-fiber arm of the Wheat Bran Fiber trial. Although we saw some fluctuation in the effect estimates, the interpretations remained the same (data not shown). Study heterogeneity was evaluated by comparing study-specific ORs for each exposure and any metachronous neoplasia outcome. The magnitude of effect was generally similar or moderately stronger for the UDCA sample compared with the Wheat Bran Fiber sample. We also created a study -by -exposure interaction variable and tested for heterogeneity using the likelihood ratio test. None of the effects were significantly modified by study (data not shown).
The components of MetS are often described as a set of clustered or correlated risk factors with potential joint effects as a justification for the MetS diagnosis. We evaluated the correlation between each of the components of MetS and explored the possibility of an interaction between waist circumference and glucose using the dichotomous cutpoints from the ATP III definition with the likelihood ratio test. All statistical analyses were conducted using SAS software version 9.1 (SAS Institute).
Results
Of the 1,609 men and 783 women available for analysis, 672 (41.8%) men and 277 (35.4%) women met at least three criteria for MetS classification. During follow-up, metachronous neoplasia was found in 800 (49.7%) men and 305 (39.0%) women, which included 14 cancers in men and 1 cancer in women.
Baseline characteristics of the study population by the composite MetS classification are presented in Table 1 separately for men and women. No differences between the groups were seen for age, race, or education. Men and women classified with MetS reported more energy consumption and other dietary nutrients than participants not classified with MetS. Alcohol consumption was slightly lower among participants with MetS. No differences in smoking status among men were observed, although women with MetS were more often former smokers and less often current smokers. As expected, participants with MetS presented with a higher mean BMI and a higher mean waist-to-hip ratio and were more likely to report diabetes. For men, there was more use of aspirin in the presence of MetS, although no difference in aspirin use was observed for women. Differences in self-reported history of colorectal polyps and family history of colorectal cancer were small. Because all participants qualified for the trials by presenting with at least one adenoma, we also show baseline adenoma characteristics in Table 1 as a cross-sectional evaluation of the association between MetS and clinical adenoma features. No differences in adenoma size or number of adenomas were found at the start of the trials. However, more proximal adenomas were observed for both men and women with MetS, with more villous histology apparent among women with MetS.
Using the cutpoints prescribed by the ATP III definition and detailed in Materials and Methods, the estimates of the main effects of the components of MetS and the composite MetS classification for any metachronous adenoma and associated outcomes are presented in Table 2 . The odds of any metachronous neoplasia were 1.37 [95% confidence interval (CI 1.01-1.85)] times higher in women classified with MetS compared with women not classified with MetS. Similar estimates were found for nonadvanced neoplasia and multiple neoplasia outcomes among women. In contrast, there was no association observed among men between MetS and any metachronous neoplasia (OR, 0.99; 95% CI, 0.81-1.21) or other outcome measures.
Men with a waist circumference >40 inches had an increased odds of metachronous neoplasia (OR, 1.41; 95% CI, 1.15-1.72) as did women with a waist circumference >35 inches (OR, 1.41; 95% CI, 1.05-1.90). These estimates were similar or modestly stronger for nonadvanced neoplasia and multiple neoplasia outcomes for men and women and similar for men with an advanced neoplasia outcome. Women with a fasting glucose z 100 mg/dL exhibited an increased odds of metachronous neoplasia (OR, 1.46; 95% CI, 1.09-1.96), with similar estimates for nonadvanced, advanced, single, and multiple neoplasia. No association for elevated glucose was found for men (OR, 1.01; 95% CI, 0.82-1.23) with metachronous neoplasia or any other outcome. No evidence was found for an association between triglycerides, HDL cholesterol, or blood pressure with metachronous neoplasia, in either men or women, when these continuous traits were dichotomized using the ATP III cutpoints.
Further exploration of the component traits of MetS are presented for men (Table 3) and women (Table 4) , with sex-specific quartile categorizations. The odds of metachronous neoplasia increased monotonically across the quartiles of waist circumference for men; compared with the first quartile of waist circumference, the ORs (95% CI) were 1.13 (0.85-1.50), 1.36 (1.03-1.80), and 1.61 (1.21-2.14) for the second, third, and fourth quartiles, respectively (Table 3) . Similarly suggestive patterns were seen for nonadvanced, advanced, single, and multiple neoplasia outcomes in men. Weak, nonsignificant increased odds in the fourth quartile of waist circumference for metachronous neoplasia and multiple neoplasia were observed among women (Table 4) . Women in the fourth quartile of waist circumference showed a 1.64 (95% CI, 1.03-2.61) increase in odds for nonadvanced neoplasia compared with women in the first quartile.
Among men, a weak increase in odds of metachronous neoplasia was observed in the fourth quartile of fasting glucose, and across the various outcomes, although none are statistically significant, whereas for women the odds of metachronous neoplasia increased significantly with higher fasting glucose levels. Compared with the first quartile of fasting glucose, the ORs (95% CI) were 1.33 (0.88-2.00), 1.97 (1.30-3.01), and 1.70 (1.13-2.56) for the second, third, and fourth quartiles, respectively. Similar evidence was seen for nonadvanced, advanced, single, and multiple neoplasia outcomes in women.
No significant associations were observed across the quartiles of systolic blood pressure or diastolic blood pressure in men or women; further, no evidence of an association was found across the quartiles of triglycerides or HDL cholesterol with metachronous neoplasia in either group.
We considered whether the association between components of MetS might vary by proximal versus distal metachronous neoplasia. All exposure variables were evaluated for an association with any proximal neoplasia and then for an association with any distal neoplasia. In general, the results were either similar to the results for any metachronous neoplasia and not appreciably different by location or subtly stronger for proximal neoplasia (data not shown). The most notable finding was a monotonic dose-response for fasting glucose and proximal metachronous neoplasia in women. Compared with the first quartile of glucose, the ORs (95% CI) for proximal lesions were 1.61 (1.02-2.55), 1.84 (1.15-2.95), and 2.03 (1.28-3.19) for the second, third, and fourth quartiles, respectively. The association between fasting glucose and distal metachronous neoplasia in women was weaker and not significant. Compared with the first quartile of glucose, the ORs (95% CI) for distal lesions were 0.88 (0.52-1.48), 1.60 (0.97-2.64), and 1.40 (0.86-2.29) for the second, third, and fourth quartiles, respectively. The location-specific results for fasting glucose in men mirrored the results for any metachronous neoplasia seen in Table 3 and did not differ appreciably between proximal and distal outcomes. Table 5 shows Pearson correlation coefficients for the component traits of MetS, separately for men and women, to evaluate how these traits cluster and to explore potential reasons for differences by sex in the associations with colorectal neoplasia. We found that fasting glucose levels were more strongly correlated with other components of MetS among women than among Research.
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To better understand the potential joint effect between waist circumference and glucose, we conducted an exploratory analysis to evaluate the possibility of an interaction between waist circumference and fasting glucose levels using the dichotomous cutpoints from the ATP III definition (Fig. 1) . When compared with men with a small waist circumference and low fasting glucose, men with a large waist circumference and low fasting glucose did not experience a substantial increase in odds of metachronous neoplasia (OR, 1.12; 95% CI, 0.81-1.56) nor did men with a small waist circumference and high fasting glucose (OR, 0.84; 95% CI, 0.65-1.08). In contrast, men with a large waist circumference and high fasting glucose experienced a modest but significant increase in odds of metachronous neoplasia (OR, 1.36; 95% CI, 1.04-1.78); the likelihood ratio test for interaction between waist circumference and fasting glucose among men produced P = 0.08. Similarly, compared with women with a small waist circumference and low fasting glucose, women with a large waist circumference and low fasting glucose experienced no increase in odds of metachronous neoplasia (OR, 1.01; 95% CI, 0.65-1.57), nor was there an increase in odds for women with a small waist circumference and high fasting glucose (OR, 1.10; 95% CI, 0.73-1.65). Women with a large waist circumference and high fasting glucose experienced a significant increase in odds of metachronous neoplasia (OR, 1.83; 95% CI, 1.26-2.67); the likelihood ratio test for interaction between waist circumference and fasting glucose among women produced P = 0.12. We further explored this interaction between waist circumference and fasting glucose with other outcomes and found the effect modification was almost entirely consistent across the nonadvanced/ advanced, single/multiple, and proximal versus distal outcomes, with the combined effect strongest among women (data not shown).
Discussion
The results from this prospective study showed that women who met the ATP III diagnostic criteria for MetS had significantly higher odds of developing metachronous colorectal neoplasia than women who did not meet the criteria. Among men, MetS was not associated with the development of metachronous neoplasia. For the individual component traits, elevated blood pressure, triglyceride levels, and HDL levels were not significantly associated with metachronous neoplasia in men or women. For women, elevated glucose and large waist circumference were independently positively associated with increased odds for metachronous neoplasia. For men, waist circumference was associated with increased odds of metachronous neoplasia, whereas elevated glucose was not. Further analyses of the individual components by sex-specific quartiles support an association between waist size and metachronous neoplasia in men and between glucose levels and metachronous neoplasia in women.
The differences between men and women may reflect the stronger correlation between waist circumference and glucose in women compared with men. Furthermore, Kim et al. reported that fasting plasma glucose is more strongly correlated with insulin-mediated glucose uptake (a more direct measure of insulin sensitivity and metabolic disturbance) among the obese than in normalweight individuals (42) ; thus, fasting glucose may better capture insulin resistance among individuals with a large waist circumference. When we evaluated the interaction between waist circumference and fasting glucose levels, only the combination of large waist circumference and high fasting glucose was associated with a significant increase in odds of metachronous neoplasia in both men and women.
Although largely equivocal and somewhat limited, a differential effect of MetS and key component traits on the anatomic location of colorectal neoplasia, most principally a stronger association for proximal neoplasia, has been suggested (43, 44) . The general patterns of association with metachronous lesions were similar for proximal and distal locations in our data. We did observe a stronger association between glucose levels and proximal lesions compared with distal lesions for women. For men, we observed no difference by anatomic location of metachronous adenoma and MetS or its components.
We observed no clear differences in the association between MetS or the components and features of adenomatous lesions recognized as more clinically significant (size, histology, and multiplicity). MetS in women and glucose and waist circumference as single and interacting traits in men and women were, in general, similarly associated across lesion type and multiplicity, with no evidence favoring a strong differential effect on the type or number of lesions.
Our results are consistent with the majority of studies conducted on the relation between MetS and any feature of MetS and incident colorectal neoplasia and support the evidence that adiposity as some measure (e.g., waist circumference or BMI) and dysregulation in glucose, possibly in combination with adiposity, act as risk enhancers for colorectal neoplasia. As an example, our results are similar to those of Stocks et al., who reported more than a doubling of odds for colorectal cancers with the presence of at least two of the following: elevated BMI, elevated blood pressure, and elevated fasting glucose, although they did not evaluate other component traits of MetS (45) . In addition, our results are consistent with those reported by Flood et al., where insulin and glucose levels were associated with increased odds for metachronous adenoma among a nested subsample of individuals participating in the Polyp Prevention Trial (30) .
Our sex-stratified analysis suggests that the combined effect of elevated glucose and large waist circumference is likely similar for men and women, although it may differ in magnitude, with the effect more pronounced in women. These results are distinct from studies that used BMI as the sole measure of body size, where the association appears to be stronger among men, as found in a pooled analysis of seven prospective studies of metachronous colorectal neoplasia (22) . The consistent association between colorectal neoplasia risk and biomarkers of glucose and insulin, as opposed to lipid metabolism, supports metabolic disturbances more aligned with insulin resistance, although the exact biologic mechanism that explains the association is unknown (23, 46) . A direct role for insulin is supported by early animal studies of Tran et al., where direct insulin exposure, and not other metabolic disturbances, was associated with higher tumor burden in azoxymethane-treated rats (47) . More recently, Ealey et al. (48) found that the tumor-promoting activity of insulin in mice exposed to azoxymethane was absent in animals deficient for insulin-like growth factor-I (IGF-I), results that suggest that the tumor-promoting effect of insulin may depend on the availability of IGF-I. IGF-I is a potent promitogen in the colonocyte for which substantial evidence supports a tumor-promoting role in human colorectal cancers (49) . Paradoxically, in a recent study published by our group, IGF-I levels in a substudy of 299 men were found to be inversely related to odds of metachronous adenoma (50) , results that were corroborated by Flood et al. (51) . Additional work is needed to clarify the joint effects of insulin and IGF-I and their relation to degree and type of adiposity in the risk for metachronous adenoma.
Our data do not support a simple relationship wherein measures of body size act as simple surrogates for elevated glucose; the correlation between waist circumference and fasting glucose was not strong, and differed by sex, with a stronger correlation among women. Elevated glucose without large waist circumference was not associated with increased odds for metachronous neoplasia. It is only in those individuals, men and women, with both excess central adiposity and elevated glucose that we observed the enhanced odds of metachronous neoplasia. Our results likely reflect the inadequacy of the measures to capture impaired glucose uptake and the dependence of fasting plasma glucose on obesity for capturing impaired glucose uptake in an individual (42) . The inability to directly assess impaired glucose uptake as a measure of insulin sensitivity is a limitation of this and other large population studies Additional limitations of our study derive from the limited criteria that are used to define MetS, and the measured state of MetS as defined by the ATP III definition, as some portion of subjects may represent normal metabolic status as a result of pharmacologic control. Physical activity is a recognized protective factor in colorectal carcinogenesis (52) whose absence as a major determinant of glucose homeostasis in the definition of MetS may result in unmeasured confounding and possibly explain differences between men and women (53) , although our population is largely sedentary in nature. Large waist and high adiposity are also marked by several systemic changes other than hyperinsulinemia that are not captured by the component traits of MetS, most notably altered patterns of adipocyte-derived cytokines and adipokines (54) . Although the in vivo consequence of disturbances in the fat mass is unclear, protumorigenic roles for adipocyte-derived factors such as leptin in cell culture models of colon tumors are hypothesized as direct acting factors in tumorigenesis via interleukin-6 production and transinterleukin-6 signaling (55), a proinflammatory cytokine response pathway (54) . These noninsulin effects may act alone or in combination with the tumor-promoting effects of insulin and IGF-I as determinants of colorectal adenoma development. Additional studies are needed to determine the joint or independent role of such factors in the biology of human colorectal neoplasia development.
Strengths of our study include the prospective nature of the data on metachronous adenoma, high follow-up rate, the large sample size for sex-specific analyses, the use of colonoscopy in all subjects, and clinical measures of the MetS components with the exception of waist circumference (56, 57) , which was self-measured following instruction. The generalizability of our results is limited due to the specific nature of our population as postpolypectomy patients.
Our results offer additional evidence that fasting plasma glucose and large waist circumference increase odds of metachronous colorectal neoplasia, where the combination of these two measures may better capture insulin resistance. The strength of evidence accumulated to date warrants classification of metabolic factors related to glucose as risk factors for colorectal carcinogenesis. As such, future colorectal cancer prevention efforts might be rationally designed around the reduction of risk associated with impaired glucose uptake including use of pharmacologic agents adopted in the cardiovascular and diabetes prevention settings. With the high prevalence of obesity, sedentary behavior, and the aging of the U.S. population, insulin resistance identifies a common disease prevention target for behavioral and pharmacologic interventions to effectively increase the overall public health benefit.
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